In conclusion, the data presented in this work demonstrate, for the first time, the existence of crosstalk between two evolutionarily ancient proteolytic cascades, the ComC and CoaC, in the mobilization of HSPCs. This has important implications, because it is known that both cascades are activated in parallel in all situations, in which HSPCs are mobilized from BM into PB (for example, infections, tissue/organ damage and strenuous exercise). Moreover, both axes show a circadian rhythm of activation. 11, 12 Because of a drop in blood pH during deep sleep at night, both cascades are activated in the early morning hours 11, 12 at a time when the peak in circulating HSPCs is observed. 4 This important fact has to be taken into consideration when studying the circadian circulation of HSPCs. It is likely that, in addition to circadian changes in the tonus of the vegetative nervous system, circadian activation of the ComC and CoaC is also involved in circadian release of HSPCs from BM into PB. 4, 11, 12 This conclusion, however, needs the support of further experimental evidence.
Why do we see JAK2 exon 12 mutations in myeloproliferative neoplasms? The absence of Janus kinase 2 (JAK2) amino-acid substitution V617F in a minority of patients with myeloproliferative neoplasms (MPNs) prompted a search for additional JAK2 mutations, leading to a discovery of a mutation cluster in the 3 0 part of JAK2 exon 12.
1 These alterations comprise 440 different small deletions/duplications and substitutions of one or more amino acids between phenylalanines F533 and F547, which are located in a linker between the pseudokinase and the SH2 domains.
1,2 However, the reason for such a conspicuous clustering of MPN-associated mutations has been poorly understood.
Accepted article preview online 20 March 2013; advance online publication, 12 April 2013 Letters to the Editor Although clonal selection of largely in-frame alterations is highly likely to contribute to the observed clustering, the mutation pattern characterized by a large fraction of deletions/duplications suggests misalignment and possible hypermutability of corresponding DNA segments. A hypothetical mechanism was proposed to involve slippage mispairing of direct AGA repeats; 3 however, increased local mutation rates may result from a variety of factors, including the nature of genotoxic agents, genomic context of adjacent regions, secondary structure, localized DNA supercoiling and transcription, which in turn may promote secondary structure formation. 4 Can transcription contribute to the exon 12 mutation cluster? Steady-state mRNA expression of JAK2 is the highest in myeloid cells, as revealed by microarray studies of 76 normal human tissues (http://www.biogps.org). Indeed, the level of transcription has been found to be proportional to mutagenesis both in microorganisms and in mammals. 4 Transcription can also alter local mutation rates and generate very distinct types of rearrangements that include small deletions, duplications and inversions. 4 Transcription can stimulate mutagenesis/ recombination rate by a number of mechanisms, including formation of co-transcriptional R-loops, collisions with the replication machinery, facilitation of non-canonical structures and engagement of topoisomerase 1, which represses R-loop formation and regulates activity of RNA-processing factors and mRNP assembly. 4 As transcription-driven mutability both in bacteria and man can be predicted by local intrastrand interactions, 5, 6 we first inspected predicted secondary structures of overlapping pre-mRNA segments containing JAK2 exon 12 using dynamic programming algorithms based on minimizing free energy ( Figure 1a ). We noticed that the 3 0 portion of exon 12 shows extensive complementarity with the 5 0 end of intron 12. The most stable local secondary structures revealed base-pairing interactions between sequences encoding F533 through F547 and the first 50 nucleotides of intron 12, forming a long hairpin terminating in a tetraloop, the most common type of terminal RNA loops in nature (Figure 1a) . In contrast to the 3 0 part of exon 12, such strong local intramolecular interactions were not predicted for the upstream exon sequences, which lack MPN mutations (data not shown). Interestingly, one of the most frequent exon 12 mutations reported to date was located in a symmetrical internal loop of the second most stable structure (Figure 1b) . Moreover, this loop and two flanking base pairs precisely corresponded to a 10-nt segment deleted in a recently reported MPN case. 2 Thus, the pre-mRNA secondary structure was indicative of the observed mutation pattern, consistent with previous studies reporting hypermutability of unpaired bases formed during transcription. 4 To identify mutable portions in exon 12 in stable secondary structures formed during transcription, we employed an algorithm that computes the mutability index designed to simulate transcription. 7 This measure, defined as a product of the percentage of folds in which the base is unpaired and the highest negative free energy of all folds in which it is unpaired, has been shown to correlate with relative mutation frequencies in actively transcribing genes both in bacteria and humans. 5, 7 We found that the median values of the mutability index were significantly greater in the mutation hot spot than in the 5 0 portion of exon 12 (Table 1) , further suggesting that transcription-driven hypermutability of the exonic hairpin portion could be responsible for the observed clustering.
High-transcription strains of Saccharomyces cerevisiae were previously found to contain a higher fraction of small deletions and insertions as compared with low-transcription strains. 8 Small deletions were the most prevalent changes in the hightranscription strain and occurred predominantly at the (G/C) AAA sites. 8 Interestingly, the same motif is in the predicted internal loop structure and harbours the most common exon 12 substitution K539L (Figure 1a ). This motif may undergo dynamic transitions in vivo between competing unpaired and base-paired conformations with similar stability, altering interactions between RNA-binding proteins and the pre-mRNA and inducing changes in ternary structures mediated by the internal loop (Figure 1c) . The unpaired configuration is consistent with the general property of Figure 1 . JAK2 mutation hot spots and predicted secondary structures of primary transcripts. The most stable (a) and the second most stable (b) structures were predicted by RNAStructure (v. 5.2) (http://rna.urmc.rochester.edu/software.html). The latter structure was predicted as the most stable by mfold (http://mfold.rna.albany.edu/?q=mfold). The JAK2 exon 12 mutation cluster is shown by a black horizontal bar; predicted exonic splicing enhancers (ESEs) by rectangles. The indicated ESEs were predicted by the RESCUE-ESE server at http:// genes.mit.edu/burgelab/rescue-ese, and similar sequences were implicated by other online ESE-prediction tools (data not shown). adenosine to occur more likely single-stranded in large RNAs than other nucleotides.
High-and low-transcription yeast strains differed only in the promoter sequence. 8 The promoter strength can also influence alternative splicing of primary transcripts, in turn fine-tuning gene expression. Interestingly, the predicted tetraloop contains the 5 0 splice site available for base-pairing interactions with critical spliceosomal components, including U1 small-nuclear RNA, the first known factor contacting the intron during spliceosome assembly (Figures 1a and c) . Indeed, RNA secondary structure can dramatically influence selection of both 5 0 and 3 0 splice sites. 9 Importantly, an increasing number of splicing factors have been linked to genomic stability, including serine/arginine (SR)-rich proteins SRSF1 and SRSF2, 10, 11 which can bind to exonic splicing enhancers, promote U1 binding and facilitate intron removal (Figure 1c) . In fact, evolutionary success of alternative splicing may reflect the requirement to maintain large genomic regions intact, particularly long human introns. A further link between exon recognition and mutability has been recently provided by the demonstration that methylation of histone H3 lysine 36, which marks nucleosome occupancy along exons, enhances DNA repair by nonhomologous end-joining. 12 Transcription is associated with formation of R-loops, which are formed by stable RNA:DNA hybrids between the new transcript and the template DNA strand, forcing the coding strand into single-stranded conformation and leaving it exposed over considerable distance. 4 R-loops have been reported in G-rich sequences capable of contributing stable base-pairing interactions, including immunoglobulin class switch regions, 5 0 untranslated regions and RNA polymerase II pause sites downstream of poly(A) signals. 4 The driving force behind their formation is most likely an extraordinary high thermodynamic stability of rG:dC and rC:dG interactions. 13 A single-stranded character of R-loops and negatively supercoiled region that accumulates behind the RNA polymerase II complex may also stimulate formation of competing non-canonical structures, such as stable G quadruplexes. 4 However, the coding strand of JAK2 exon 12 is not G-rich, and no G quadruplexes were predicted using publicly available algorithms, including the QGRS Mapper (http://bioinformatics.ramapo.edu/QGRS/index.php). A lack of GC enrichment in this mutation cluster would support the view that secondary structure has an important role in transcription-or RNAprocessing-driven mutagenesis, rather than merely R-loops over G-rich regions.
In addition to exon 12, an unusual JAK2 mutation cluster has been reported for exon 16 in acute lymphoblastic leukaemias associated with Down's syndrome, centred around arginine R683.
14 Here mutations are towards the top of a putative stable stem predicted for a mid-third of exon 16, with R683 encoded by unpaired nucleotides in a triloop (Figure 1d) . Importantly, this hairpin also shows a significantly higher mutability index than the remaining exon 16 sequences (2.1 versus 1.2, Po0.0001; MannWhitney U-test). Again, no predicted G quadruplexes were detected in exon 16. Thus, selection of R683 variants identified in these malignancies might also be facilitated by transcriptiondriven mutagenesis of this region.
In closing, the JAK2 exon 12 mutation hot spot provides an exciting model to study cross-talk among hypermutability, secondary structure, transcription and RNA processing (Figure 1c) . We suggest that the proposed mutagenesis model explains the unusual pattern of JAK2 exon 12 alterations in MPNs and may offer an insight into the previously observed association between exon 12 mutations and the 46/1 haplotype in the germline. 15 Putative haplotype-specific differences in transcriptional activity and splicing patterns may in turn generate heritable mutability signatures that should be explored in future studies. Mann-Whitney U-test. Mutability index was calculated for each base pair with the mfg algorithm 7 using the output of the Quickfold server as a ct input and a default window size.
